Introduction
============

Previously, a number of organic synthesis methods have been carried out with heterogeneous solid acids, leading to better regio- and stereoselectivity.[@b1-ijn-10-765]--[@b3-ijn-10-765] It has been found that it is not just the strength of the acid but also the type of acidity (Brønsted or Lewis) that matters for improved activity and selectivity. The inclusion of superacidity in solids has attracted great attention.[@b4-ijn-10-765] Among superacid nanoparticles, sulphated zirconia has found several applications and holds large promise in a number of reactions of importance, which would only increase if synthesized into nanoparticles.[@b5-ijn-10-765] The activity of nanoparticle sulphated zirconia depends on the successful inclusion of sulphoxy moieties into the zirconium oxide skeleton.[@b6-ijn-10-765] Such materials show excellent performance toward *α*-pinene isomerization in a moderate setting.[@b7-ijn-10-765] Production of the drug itself in nanoparticulate form has also been introduced as an approach for the increased release of hydrophobic drugs because of their distinctive advantages over colloidal drug carriers.[@b8-ijn-10-765]

In general, metal oxides have been used widely either as such or as supports in conjunction with other active components for many oxidation, reduction, and acid-base-catalyzed reactions.[@b9-ijn-10-765]--[@b12-ijn-10-765] For instance, nearly all developed catalysts use an oxide as the energetic phase, which reveals both proton and electron transfer capacities and could be used as a catalyst in neutralization as well as in reduction-oxidation reactions. These metal oxide redox properties are employed in catalytic decontamination schemes for the total oxidation of contaminated constituents.[@b13-ijn-10-765]--[@b20-ijn-10-765] The metal oxide scheme with intrinsic redox features has also been used for discriminatory oxidation of organic materials and to produce vital fine chemicals, such as acids, nitriles, and aldehydes.[@b21-ijn-10-765]--[@b23-ijn-10-765]

The surface nature of the metal oxides has been considered advantageous in discerning organic conversions. Because the rate-determining step on the surface of the catalyst can be determined by the density of active centers and surface area, improved enhancers should have high surface area and smaller sizes of particles. Therefore, in the developing field of nanotechnology, the production of metal oxide nanoparticles has received considerable attention because of the unique physicochemical characteristics obtained for nano-sized compared with micron (or conventional)-sized particles.[@b24-ijn-10-765],[@b25-ijn-10-765]

The surface of zirconium oxide is known to possess all of these catalytic activities. Zirconium oxide, or zirconia, when modified with anions such as sulphate ions, gives a highly acidic or superacidic catalyst that has superior activity to catalyze many reactions.[@b26-ijn-10-765]--[@b28-ijn-10-765] Zirconia has been widely used to catalyze many engineering reactions.[@b29-ijn-10-765],[@b30-ijn-10-765] Thus, sulphated zirconia and modified sulphated zirconia form an important class of catalysts, as is evident from the large amount of research that has become visible during the past decade.[@b31-ijn-10-765] Furthermore, these catalysts show a promising future, in that they can offer environmentally clean routes for the chemical and pharmaceutical industries into the next millennium.

Despite their potential biomedical applications, very few studies have reported on the role of zirconia nanoparticles as anticancer materials. As far as the authors know, this is the first report of the in vitro anticancer effect of sulphated zirconia nanoparticles against three cancer cell lines. Specifically, the toxicity of sulphated zirconia nanoparticles against human colon cancer HT29, human breast cancer MCF-7 and human liver cancer HepG2 cell lines was assessed, showing promising results.

Moreover, it is reported here that these novel nanoparticles hold promise not just for anticancer applications but also for anti-infection applications. The steady increase in the antimicrobial resistance of microorganisms represents a great public health concern. This requires the search for new unconventional antimicrobial agents. Nanotechnology provides promising materials to fight infectious diseases such as nanoparticles with antimicrobial activities. In the present study, the antimicrobial properties of the as-synthesized sulphated zirconia nanoparticles were determined using the agar diffusion method against different Gram-positive and Gram-negative bacteria of clinical significance.

A survey of the literature has also demonstrated that no previous work has been done so far on the investigation of anticancer and antimicrobial effects of sulphated zirconia nanoparticles. The main purpose of this study was to prepare sulphated zirconia superacidic nanoparticles for use as a chemotherapeutic agent against human colon cancer HT29, human breast cancer MCF-7, and human liver cancer HepG2 cell lines. Moreover, the antimicrobial activity of sulphated zirconia nanoparticles against *Candida albicans* was also examined. The sulphated zirconia nanoparticles were prepared by an impregnation method and characterized using X-ray diffraction (XRD), thermal gravimetric analysis (TGA), Fourier transform infrared spectroscopy (FT-IR), Brunner-Emmett-Teller (BET), scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS), and transmission electron microscopy (TEM).

Experimental
============

Materials
---------

Ammonium sulphate, zirconium oxy nitrate, and ammonium hydroxide (28%--30%) were obtained from Sigma-Aldrich (St Louis, MO, USA). A trypsin/ethylenediamine tetraacetic acid solution was purchased from Invitrogen (Carlsbad, CA, USA). Dimethylsulfoxide, phosphate-buffered saline, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and Dulbecco's Modified Eagle's Medium were purchased from Sigma-Aldrich.

Preparation of the sulphated zirconia nanoparticles
---------------------------------------------------

A schematic representation of the preparation of sulphated zirconia nanoparticles is shown in [Figure 1](#f1-ijn-10-765){ref-type="fig"}.

Physicochemical characterization of sulphated zirconia
------------------------------------------------------

Powder XRD analysis was carried out using a Shimadzu diffractometer model XRD 6000. The diffractometer employing Cu-K~α~ radiation was used to generate diffraction patterns from powder crystalline samples at ambient temperature. The Cu-K~α~ radiation was generated by a Philips glass diffraction X-ray tube broad focus at 2.7 kW. The crystallite size D of the samples was calculated using the Debye-Scherrer's relationship:[@b32-ijn-10-765]--[@b34-ijn-10-765] $$D = 0.9\lambda/(\beta\cos\theta),$$where *D* is the crystallite size, λ is the incident X-ray wavelength, β is the full width at half-maximum, and θ is the diffraction angle.

The TGA analysis was carried out on a Mettler Toledo Thermo-Gravimetric-Simultaneous Differential Thermal Analysis, Platinum and Rhodium apparatus (Pt crucibles, Pt/Pt--Rh thermocouple) with the purge gas (nitrogen) flow rate of 30 mL minute^−1^ and a heating rate of 10°C minute^−1^ from room temperature to 1,000°C.

Fourier transform infrared analysis was carried out with a PerkinElmer spectrometer model 100 series (sample preparation Universal Attenuated Total Reflectance).

SEM-EDS was used to obtain information about the morphology and chemical composition of the samples. The morphology study of the nanoparticles was carried out using a JEOL scanning electron microscope model JSM-6400, whereas the quantitative chemical composition of the prepared ferric-manganese promoted sulphated zirconia acid catalyst was characterized using EDS for elemental chemical analysis.

TEM (Hitachi H-7100, Japan) was also used to examine the crystal shape. For TEM analysis, the powder was dispersed in deionized water, dropped onto carbon-cover copper grids placed on filter paper, and dried at room temperature.

The zeta potential of the sulphated zirconia nanoparticle dispersions (1 μg of sulphated zirconia nanoparticles dispersed in 1 mL ultradeionized water) were characterized using a ZetaSizer Nano ZS (Malvern Instruments Ltd, Malvern, UK) with dynamic light scattering.

The total surface area of the nanoparticles was obtained using a BET method with nitrogen adsorption at −196°C. Analysis was conducted using a Thermo Fisher Scientific S.P.A. nitrogen adsorption-desorption analyzer (SURFER ANALYZER).

Cell culture
------------

The following human cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA) and were used in the study: human breast cancer (MCF-7), human colon cancer (HT29), human liver cancer (HepG2), and normal human breast (MCF-10a) cells, which were all characterized as virus-negative. They grow as an adherent monolayer of tightly knit epithelial cells. These cells were grown in Dulbecco's Modified Eagle's Medium, which was supplemented with 10% fetal bovine serum. The media contained penicillin (100 U/mL) and streptomycin (100 g/mL). The cells were grown at 37°C in a humidified 5% CO~2~ incubator.

Cytotoxicity MTT assay
----------------------

HT29, MCF-7, MCF-10a, and HepG2 cells lines were plated at 1×10^3^ cells/well by adding 200 μL of a 5×10^3^ cells/mL suspension to each well of a 96-well tissue culture plate. The plates were incubated for sufficient time to ensure attachment at 30%--40% confluence. The media was aspirated off and replaced with fresh media (200 μL) containing sulphated zirconia nanoparticles at different concentrations (3.9--250 μg/mL) and chemotherapeutic agents at 0.156--10.0 μg/mL (oxaliplatin for HT29 cells, doxorubicin for both MCF-7 and MCF-10a cells, and tamoxifen for HepG2 cells). The last row was left as an untreated control. The plates were incubated at 37°C, 5% CO~2~, for 24 hours. After incubation with the compounds, the media was aspirated off and the cells were washed by phosphate-buffered saline buffer three times to ensure all drugs were removed, and then the buffer was replaced with fresh media. The MTT solution (20 μL) at a total volume of 200 μL was added to every well and mixed gently with the media, which was later incubated for 4--6 hours at 37°C with 5% CO~2~. The MTT-containing medium was then removed carefully and replaced with dimethylsulfoxide (200 μL per well) to dissolve the formazan crystals. The plates were read in a microtiter plate reader at 570 nm. The concentration of drug needed to inhibit cell growth by 50% (IC~50~) was generated from the dose-response curves for each compound and each cell line.

In vitro antimicrobial susceptibility test
------------------------------------------

Four bacterial strains were used to determine the antibacterial activity for the synthesized sulphated zirconia nanoparticles: two Gram-positive bacteria (methicillin-resistant *Staphylococcus aureus* and *Bacillus subtili*s) and two Gram-negative bacteria (*Salmonella choleraesuis* and *Pseudomonas aeruginosa*). In addition, the yeast *Candida albicans* was used to screen the antifungal activity of the synthesized nanoparticles. The microorganisms were obtained from the microbial culture collection unit, Institute of Bioscience, University Putra Malaysia. The bacterial cultures were maintained on Mueller Hinton agar slants (Sigma-Adrich). The bacterial cultures were incubated overnight in 5 mL Mueller Hinton broth (Sigma-Aldrich) in a Certomat BS-T incubation shaker (Sartorius Stedim Biotech, Aubagne, France) at 37°C and 150 rpm until the culture reached an optical density of 600 of 1.0 (Spekol UV VIS 3.02, Analytic Jena, Jena, Germany), which corresponds to 10^8^ colony-forming units per ml.

The antimicrobial activities of the synthesized sulphated zirconia nanoparticles were evaluated against the abovementioned microorganisms, using the agar diffusion (cup diffusion) method according to the guidelines of the Clinical and Laboratory Standards Institute. In brief, 20 mL liquid-autoclaved Mueller Hinton agar (pH 7.3±0.2 at 25°C) was poured onto the disposable sterilized Petri dishes and solidified. The solidified agar plate surfaces were dried in an incubator before streaking of the microorganisms onto the surface of the agar plate. Next, 100 μL of the microbial suspensions in the Mueller Hinton broth was streaked over the dried surface of the agar plates and spread uniformly, using a sterilized glass rod. The plates were then dried. Wells were then created in the agar plates, using a sterilized cork borer; the wells were filled with the nanoparticle suspensions in distilled water; and the control wells were filled with ampicillin (for Gram-negative bacteria), streptomycin (for Gram-positive bacteria), and nystatin (for *Candida albicans*) solutions as controls. The experiment was performed in triplicate, and the diameters of the zone of inhibition were measured to the nearest millimeter, using a caliper after a 24-hour incubation at 37°C. Differences between means were determined using standard analysis of variance, followed by Student *t*-tests.

Results and discussion
======================

[Figure 2](#f2-ijn-10-765){ref-type="fig"} shows the thermogravimetric curve of sulphated zirconia, and the mass losses found from the TGA measurements agreed fairly well with those expected for the decomposition of hydrated sulphated zirconia.[@b35-ijn-10-765] Therefore, the heating events for this sample below 620°C are attributed to the removal of adsorbed water and the dehydroxylation process of ZrO(OH)~2~, whereas the second major weight loss at a higher temperature began at about 673°C and ended at 926°C and is referred to as the decomposition of sulphate groups.[@b36-ijn-10-765]

[Figure 3](#f3-ijn-10-765){ref-type="fig"} depicts the Fourier transform infrared spectroscopy spectra of sulphated zirconia from these spectra, and the presence of sulphate groups was confirmed by the band at the range of 1,225--1,070 cm^−1^, a result of the asymmetric and symmetric stretching frequency of the O=S=O and O--S--O groups.[@b37-ijn-10-765],[@b38-ijn-10-765] The absence of peaks around 1,450 cm^−1^ confirmed the presence of polynuclear sulphate in the sample irrespective of the high sulphate loading. The band around 1,625 crn^−1^ and 3,325 crn^−1^ corresponds to the bending and stretching modes of the --OH groups of water molecules present in the sample. The presence of these bands even after high temperature calcination points to the existence of Brønsted acidity in the samples.

The specific surface area for the sulphated zirconia and zirconia obtained using the BET method was 38.0 and 34.6 m^2^/g, respectively. It was also observed that the incorporation of the sulphate dopant in the structure of zirconia caused an increase in specific surface area and pore size of sulphated zirconia. This allowed reactants to be in contact with more acid sites, and the nanoparticles would have better activity.

The powder XRD patterns of sulphated zirconia calcined at 600°C for 3 hours is illustrated in [Figure 4](#f4-ijn-10-765){ref-type="fig"}. The XRD patterns of sulphated zirconia show peaks assigned to both the tetragonal phase at 2θ (30.2°, 35.4°, 50.2°, 60.3°) (JSPDS file 00-014-0534: zirconium oxide) and diffraction lines around 2θ (43.8°, 62.9°, 75.1°) (JSPDS file 01-086-1449ZrO~2~) of the monoclinic phase of zirconia.[@b1-ijn-10-765],[@b39-ijn-10-765] By using the Scherrer's equation, the average size of sulphated zirconia was estimated to be 40 nm.

The morphology of the sulphated zirconia was studied by SEM. SEM images of zirconia and sulphated zirconia are presented in [Figure 5](#f5-ijn-10-765){ref-type="fig"}. In contrast with pure zirconia, SEM images of the sulphated zirconia showed a lower agglomeration. This supports the retarding effect of sulphate doping on the prevention of agglomeration via sulphation. EDS was used to analyze the percentage of elements present in the sample.[@b40-ijn-10-765],[@b41-ijn-10-765] The quantitative percentage of sulphated zirconia elements were found to be sulphur, at 1.66%; zirconium, at 51.95%; and oxygen, at 46.39%.

The morphology and the extent of dispersion of our nanoparticles were determined with TEM. The TEM images of pure sulphated zirconia nanoparticles are shown in [Figure 6](#f6-ijn-10-765){ref-type="fig"}. It is apparent that the nanoparticles are approximately tetragonal in shape, with diameters ranging from 37 to 54 nm, with an average size at 43 nm. In addition, most of the nanoparticles agglomerated, and a few detached.[@b42-ijn-10-765],[@b43-ijn-10-765]

The zeta potential for the sulphated zirconia nanoparticle suspensions was −8.41 mV, as shown in [Figure 7](#f7-ijn-10-765){ref-type="fig"}. This finding may suggest that sulphated zirconia nanoparticles tend to aggregate in deionized and double-distilled water; their low zeta potential of −8.41 mV indicates these nanoparticles have poor electrostatic repulsion characteristics and are very unstable.

Most important, the cytotoxicity of sulphated zirconia nanoparticles on MCF-7, HT29, HepG2, and MCF-10a cells was determined by MTT assays.[@b44-ijn-10-765],[@b45-ijn-10-765] [Figure 8](#f8-ijn-10-765){ref-type="fig"} shows that sulphated zirconia nanoparticles have significant cytotoxic effects against colon cancer HT29 cells at most concentrations tested (*P*\<0.05). For the case of both MCF-7 and HepG2 cells, 15.6 μg/mL had no significant effect on cell growth, whereas the nanoparticles inhibited the growth of all cell lines tested in a dose-dependent manner. The IC~50~ values of sulphated zirconia nanoparticles calculated from the dose-response curves are shown in [Table 1](#t1-ijn-10-765){ref-type="table"}. In contrast, the normal breast MCF-10a cells were the least sensitive to sulphated zirconia nanoparticles, with an IC~50~ value of approximately 151.6 μg/mL, whereas the breast cancer MCF-7 cells were found to be more sensitive, with an IC~50~ value of 89.9 μg/mL. The IC~50~ value of sulphated zirconia nanoparticles in normal breast MCF-10a cells was almost 1.7 times higher than that in breast cancer MCF-7 cell lines ([Table 1](#t1-ijn-10-765){ref-type="table"}). Furthermore, compared with sulphated zirconia nanoparticles, doxorubicin showed higher cytotoxicity in the normal breast MCF-10a cell line. The results obtained from the MTT assay showed significant changes in the viability of MCF-10a cells treated with nanoparticles at concentrations of 62.5 and 125 μg/mL for 24 hours when compared with untreated cells.

As shown in [Figures 9](#f9-ijn-10-765){ref-type="fig"} and [10](#f10-ijn-10-765){ref-type="fig"}, the sulphated zirconia nanoparticles showed high antimicrobial activity against both Gram-positive and Gram-negative bacteria. It was found that the nanoparticles showed the highest activity against *Pseudomonas aeruginosa* and methicillin-resistant *S. aureus*, followed by *Bacillus subtili*s and *Salmonella choleraesuis*. In contrast, the sulphated zirconia nanoparticles did not show any activity against *Candida albicans*, suggesting a lack of antifungal activity. Other fungal species may be used to detect any possible antifungal effect of the sulphated zirconia nanoparticles.

All of these microorganisms are responsible for a range of serious infections in human and animal populations. Therefore, the sulphated zirconia nanoparticles could find various biomedical applications of therapeutic importance to counteract such highly resistant microorganisms. Moreover, these sulphated zirconia nanoparticles should be further studied because of their noted anticancer properties.

Conclusion
==========

The present study showed that sulphated zirconia nanoparticles have significant cytotoxic effects against colon cancer HT29 cells at most concentrations tested and inhibited the growth of all cancer cell lines studied here. Normal human breast MCF-10a cells exhibited the highest resistance to sulphated zirconia nanoparticles. Furthermore, the sulphated zirconia nanoparticles also showed high antimicrobial activity against both Gram-positive bacteria and Gram-negative bacteria. In conclusion, the sulphated zirconia nanoparticles could find numerous biomedical applications of therapeutic importance to counteract the colon cancer, as well as highly resistant microorganisms.
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![Flow chart for preparation of sulphated zirconia nanoparticles via impregnation method.](ijn-10-765Fig1){#f1-ijn-10-765}

![Thermogravimetric curve of sulphated zirconia calcined at 600°C for 3 hours.](ijn-10-765Fig2){#f2-ijn-10-765}

![Fourier transform infrared spectroscopy spectra of calcined sulphated zirconia.](ijn-10-765Fig3){#f3-ijn-10-765}

![X-ray diffraction patterns of sulphated zirconia calcined at 600°C for 3 hours.\
**Notes:** ○, monoclinic phase; ♦, tetragonal phase of zirconia.](ijn-10-765Fig4){#f4-ijn-10-765}

![Scanning electron microscopy images of zirconia (**A**) and sulphated zirconia (**B**) calcined at 600°C for 3 hours.](ijn-10-765Fig5){#f5-ijn-10-765}

![The transmission electron microscopy images of pure sulphated zirconia nanoparticles.](ijn-10-765Fig6){#f6-ijn-10-765}

![Surface charge characterization of sulphated zirconia nanoparticles.](ijn-10-765Fig7){#f7-ijn-10-765}

![Sulphated zirconia nanoparticles and chemotherapeutic effects on the viability of treated cells, which were evaluated through mitochondrial activity using an (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.\
**Notes:** Mean ± standard deviation (n=3 wells/treatment). \**P*\<0.05 compared with the untreated cells.](ijn-10-765Fig8){#f8-ijn-10-765}

![Antimicrobial activity of sulphated zirconia nanoparticles (SZ), against bacteria and yeast, using disk agar diffusion method.\
**Notes:** Photographs of SZ nanoparticles: (**A**) *Pseudomonas aeruginosa*, (**B**) *Salmonella choleraesuis*, (**C**) *Bacillus subtilis*, (**D**) methicillin-resistant *Staphylococcus aureus,* and (**E**) *Candida albicans*. Control antimicrobial agents (**C**) (ampicillin for Gram-negative, streptomycin for Gram-positive, and nystatin for *Candida albicans*).](ijn-10-765Fig9){#f9-ijn-10-765}

![Diameter of zones of inhibition of sulphated zirconia nanoparticles against bacteria and yeast, along with the control antimicrobial agents (ampicillin for Gram-negative, streptomycin for Gram-positive).\
**Note:** For *Candida albicans*, zone was 0 mm, and no activity was reported.](ijn-10-765Fig10){#f10-ijn-10-765}

###### 

Concentration of drug needed to inhibit cell growth by 50% of sulphated zirconia nanoparticles, oxaliplatin, doxorubicin, and tamoxifen on HT29, MCF-7, MCF-10a, and HepG2

  Treatment       Concentration of drug needed to inhibit cell growth by 50%, μg/mL                 
  --------------- ------------------------------------------------------------------- ------ ------ --------
  Nanoparticles   61.8                                                                26.4   89.8   151.63
  Tamoxifen       4.62                                                                --     --     --
  Oxaliplatin     --                                                                  4.71   --     --
  Doxorubicin     --                                                                  --     0.37   0.32

**Note:** MCF-10a cells are a normal, healthy cell line.
